Wistar rats are widely used in biomedical research and commonly serve as a model organism in neuroscience studies. In most cases when noninvasive imaging is not used, studies assume a consistent baseline condition in rats that lack visible differences. While performing a series of traumatic brain injury studies, we discovered mild spontaneous ventriculomegaly in 70 (43.2%) of 162 Wistar rats that had been obtained from 2 different vendors. Advanced magnetic resonance (MR) imaging techniques, including MR angiography and diffusion tensor imaging, were used to evaluate the rats. Multiple neuropathologic abnormalities, including presumed arteriovenous malformations, aneurysms, cysts, white matter lesions, and astrogliosis were found in association with ventriculomegaly. Postmortem microcomputed tomography and immunohistochemical staining confirmed the presence of aneurysms and arteriovenous malformations. Diffusion tensor imaging showed significant decreases in fractional anisotropy and increases in mean diffusivity, axial diffusivity, and radial diffusivity in multiple white matter tracts (p G 0.05). These results could impact the interpretation, for example, of a pseudo-increase of axon integrity and a pseudo-decrease of myelin integrity, based on characteristics intrinsic to rats with ventriculomegaly. We suggest the use of baseline imaging to prevent the inadvertent introduction of a high degree of variability in preclinical studies of neurologic disease or injury in Wistar rats.
INTRODUCTION
The Wistar albino rat is among the most widely used species in preclinical studies. According to the US National Library of Medicine's PubMed database, the use of Wistar rats has drastically increased in the past 2 decades; they have been used in 6.2% of rat studies indexed for 1990 versus 30.7% for 2012. More than 109,100 research articles are associated with the key word ''Wistar rat study'' in searches of PubMed to date. When a noninvasive imaging technique, for example, magnetic resonance imaging (MRI), is not included in the evaluation or censoring of animals for brain abnormalities, such studies usually assume a consistent baseline condition in rats that lack any overt visible differences.
Congenital spontaneous hydrocephalus in Wistar rats was first reported in a study of rat embryonic development in which 1.1% of Wistar fetuses (11 of 946) were found to have abnormal head growth secondary to hydrocephalus (1) . Later studies also reported high incidence rates (20%Y40%) of hydrocephalus in many other albino experimental rats, including hydrocephalic Texas (H-Tx) (2), Csk:Wistar-Imamichi (WICHyd) (3), Wistar-Lewis (LEW/Jms) (4, 5) , Sprague-Dawley (6), Wezob (CPB-WE), and Wistar (Cpb:WU) (7) rats.
Hydrocephalus is a consequence of altered cerebrospinal fluid (CSF) flow dynamics, resulting in the enlargement of the cerebral ventricles and, occasionally, the subarachnoid spaces (8, 9) . Overproduction of CSF in the choroid plexus or obstruction of the CSF circulation pathway because of tumors, hemorrhages (10) , infections (11) , or congenital malformations in the CSF pathway (2Y4) can also cause hydrocephalus. Congenital hydrocephalus with visible changes in skull shape and/or size is thought to be a multifactorial genetic disorder in rats (2, 3, 12) . Many mutations/loci linked to hereditary hydrocephalus have been genetically identified in association with the production of important cytokines, growth factors, or molecules in cellular signal pathways active during early brain development (13Y16).
In this report, spontaneous ventriculomegaly was discovered in the baseline MRI scans of Wistar rats (43.2%) used in a traumatic brain injury (TBI) study. The pattern of spontaneous ventriculomegaly discovered has not been previously reported in Wistar rats. The goal of this study was to examine the prevalence of ventriculomegaly in Wistar rats and evaluate whether diffusion tensor imaging (DTI) parameters would be altered when including the subset of ventriculomegaly rats in an imaging study. Magnetic resonance techniques including T 2 -weighted, T 2 *-weighted, DTI, and MR angiography (MRA) (in a subset of animals) were performed to diagnose the abnormality in vasculature and white matter. Postmortem microcomputed tomography (micro-CT) and immunohistochemistry (IHC) staining were also performed to verify the imaging findings and inspect the spontaneous anomalies in the CNS of the ventriculomegaly in Wistar rats. The presence of these spontaneous ventriculomegaly patterns may be associated with abnormal vasculature, including aneurysms and arteriovenous malformations (AVMs). Baseline scans are critical to exclude animals with ventriculomegaly and AVM anomalies to ensure consistent and reliable animal models of CNS diseases.
MATERIALS AND METHODS

Animal and Ventriculomegaly Rating Scale
Eight-week-old Wistar rats purchased from Charles River (n = 134, females) and Harlan Laboratories (n = 28, including 22 females and 6 males) were examined. All studies were approved by the Animal Care and Use Committee at our institution. Anatomic T 2 -weighted MRI was first applied to characterize each animal's baseline condition. Each animal's baseline brain MRI studies were reviewed independently by 3 investigators assessing the scans for any ventricular dilatation, asymmetric ventricles, aqueduct stenosis, arachnoid cysts, cystlike lesions, hyperintense lesions, and otherwise unidentified bright objects. Animals without brain anomalies on baseline MRI were considered normal. The volume of ventricles or the hyperintense CSF compartments were quantified using National Institutes of Health ImageJ (NIH, Bethesda, MD) software and normalized to the volume of brain section at the same slices for cross comparison over each animal. A CSF compartment rating scale was applied to evaluate the ventricular and cystic abnormalities. Ventriculomegaly patterns were rated at 8 anatomic locations as follows, lateral ventricles, third ventricle, fourth ventricle, aqueduct, lateral recess of the fourth ventricle, white matter, enlarged basal cisterns (BCs), and cerebellum, based on 30 consecutive T 2 -weighted images covering the entire rat brain from the olfactory bulb to the cerebellum. The details of scoring basis of CSF compartment rating scale are illustrated in Figure 1 .
Magnetic Resonance Imaging
Magnetic resonance imaging data were acquired in vivo using a Doty quadrature coil on a Bruker 7T scanner (Bruker, Billerica, MA). Animals were anesthetized with an isoflurane/ oxygen mixture (4.5%Y5% for induction and 1.5%Y2.0% for FIGURE 1. Cerebrospinal fluid compartment scoring basis for Wistar rats. (AYO) Ventriculomegaly patterns were rated at 8 anatomic locations: lateral ventricles (LV), third ventricle (3V), fourth ventricle (4V), aqueduct (AQ), lateral recess of fourth ventricle (LR4V), white matter (WM), basal cisterns (BC), and cerebellum (CRBL) based on 30 consecutive T 2 -weighted images covering from olfactory bulb to cerebellum. The lateral ventricles were rated 0 for normal appearance (A), 1 for unilateral anomalous appearance (arrows in F, G), or 2 for bilateral abnormal appearance (arrows in K, L). All other anatomic locations were scored 0 for normal (AYE) or 1 for abnormal (arrows in FYO) appearance. Scores from 8 anatomic locations were then summed for each animal for its final score. maintenance) to be placed in the scanner. The inhalant anesthetic was delivered to the animal through a custom-made nose cone. Throughout MR scans, warm water was circulated under the animals to keep them warm at 37-C; a steady respiratory rate was monitored using a pressure sensor (SA Instruments Inc., Stony Brook, NY) and maintained at 40 to 50 breaths/minute by the isoflurane/oxygen mixture. For the baseline scan, high-resolution RARE MRI was first performed on every rat to acquire the anatomic T 2 
MRI Data Processing and Analysis
The MRA examinations were reconstructed by Bruker's Imaging Processing toolbox to render the angiography of cerebral vasculature via maximum-intensity projection. The T 2 * maps were created by fitting the magnitude images of each echo of the multiple-gradient echo sequence to a single exponential on a pixel-by-pixel basis. Diffusion-weighted images were corrected for B 0 susceptibilityYinduced EPI distortion, eddy current distortions, and motion distortion with B-matrix reorientation using TORTOISE (17) . After correction, the diffusion tensor was then calculated on voxel-by-voxel basis to derived DTI parameters, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), to inspect the tissue integrity according to the hypothesis that AD and RD could respectively reflect the extent of axon and myelin integrity, where FA and MD are sensitive to the increase of water content and overall microstructural architecture (18Y22). Diffusion tensor tractography was performed using the fiber assignment by the continuous tracking algorithm implemented in the Diffusion Toolkit (23, 24) , with an FA threshold of 0.3. The mean length of tracks within each of the regions of interest was determined with TrackVis (23) . The DTI data were analyzed using ImageJ, with regions of interest at the anterior commissure, corpus callosum, cerebral peduncle, external capsule, optic tract, striatum, and cortex. Hyperintense lesions or cysts were excluded in the regions of interest of DTI analysis to reflect the tissue integrity without bias. Data from 3 image slices were averaged to represent the DTI parameters for each anatomic region. Except for those processed by the aforementioned software, the imaging data were processed via in-house MATLAB (MathWorks, Natick, MA) scripts.
Micro-CT and IHC Analysis
After the animals were killed, 3 abnormal rats with a diagnosis of large ventricle dilatation and abnormal vasculature by MRA were perfused with radiopaque Microfil (Flow Tech, Carver, MA) at a 3:1 ratio of diluent to compound for subsequent micro-CT imaging of vasculature to scrutinize the suspected aneurysm and AVM nidus (25) . Brain tissues were scanned using a SkyScan 1172 scanner (Bruker) with 0.4-degree angular increments, providing 900 views around 360 degrees. Images were recorded, digitized, and transferred to a controlling computer. Three-dimensional volume images, which consisted of cubic voxels of 9.95 Km on-a-side, and the radiopacity of each voxel were represented by a 16-bit gray-scale value. CTVol v.2.2 (Bruker) was used to reconstruct the 3-D CT images of the brain vasculatures.
Randomly selected rats with ventriculomegaly (n = 5) and normal rats (n = 5), based on T 2 -weighted images, were killed with isoflurane and pentobarbital and perfused with 4% paraformaldehyde in PBS for histologic analysis. The brain tissue was cryosectioned at 10 Km for IHC staining. Slides of sectioned tissue were washed with PBS, blocked in Superblock (ScyTek Laboratories, Logan, UT) for 10 minutes at room temperature and incubated in diluted primary antibody at 4-C overnight. The antibodies used were ionized calciumbinding adaptor molecule 1 (Wako, Richmond, VA) at 1/200 (for activated microglia), glial fibrillary acidic protein (Abcam, Cambridge, MA) at 1/1500 (for astrocytes), SMI31 (Covance, Princeton, NJ) at 1/1500 (for phosphorylated neurofilament H), hexaribonucleotide binding protein-3 (NeuN; Abcam) at 1/1000 (for neurons), rat endothelial cell antigen (RECA1; Abcam) at 1/750 (for vasculature), or myelin basic protein (Abcam) at 1/500. The antibodies were diluted in 1Â PBS, 0.3% Tween-20, and 1.0% bovine serum albumin. After 3 PBS + 0.3% Tween-20 washes, slides were incubated in secondary antibody as follows: for myelin basic protein and SMI31, goat F(ab ¶) polyclonal secondary antibody to mouse IgG-H&L Dylight 594 (Abcam); for ionized calcium-binding adaptor molecule 1 and glial fibrillary acidic protein, goat anti-rabbit F(ab ¶) IgG-H&L Dylight 594 (Abcam) at a dilution of 1/200 in 1Â PBS with 0.3% Tween-20 and 1.0% bovine serum albumin at room temperature for 1 hour. They were then rinsed 3 times in PBS + 0.3% Tween-20, dipped in dH2O, and mounted in ProLong Gold antifade with 4 ¶,6-diamidino-2-phenylindole (Invitrogen, Carlsbad, CA). Slides were visualized with an Aperio FL fluorescent microscope (Aperio, Vista, CA). Hematoxylin and eosin (H&E) and Luxol fast blue/periodic acid Schiff stains were applied for brightfield microscopy to examine tissue morphology. Quantification of IHC staining was conducted by counting the numbers of positive staining in the 20Â images using Matlab program CellC with manual confirmation (26) .
Statistical Analysis
Statistical analysis was conducted using Prism software version 6.0c (GraphPad Software, Inc., La Jolla, CA). Nonparametric Mann-Whitney U test was performed for statistical analysis to examine the difference between normal and abnormal rats. Data are reported as mean T SD. p G 0.05 was considered significant.
RESULTS
Pattern of Spontaneous Ventriculomegaly in Wistar Rats
From June 2012 to December 2013, we observed that 43.2% of externally normal Wistar rats obtained from 2 different vendors displayed abnormalities in their CNS ventricular and vascular systems. Ventriculomegaly was associated with arachnoid cysts, white matter cysts, and hyperintense CSF compartments by T 2 -weighted images. Of the 162 rats evaluated with baseline MRI scans, 70 were abnormal (66 of 156 females and 4 of 6 males). Figure 2 demonstrates the patterns of mild ventriculomegaly observed in the rats in comparison with healthy controls by the anatomic T 2 -weighted MRI. Compared with the normal brains ( Fig. 2A) , ventriculomegaly significantly changed the anatomy of the affected brains; ventriculomegaly (55 of 162), white matter cysts (22 of 162), enlarged BC (12 of 162), and various unidentified bright objects (13 of 162) were found in various locations (Fig. 2B) . Quantification of the anomaly sizes normalized to the brain sections indicated the range of various sizes in the 8 anatomic locations (Fig. 2C) . Three-dimensional volume rendering of the hyperintense region from a normal rat and a ventriculomegaly rat illustrated the enlarged ventricles and the arachnoid cysts in the The superior sagittal sinus (SSS, yellow) and emissary vein (EV, green) are clearly seen in the normal rat using TR = 30 milliseconds in MRA (I). EV is not observed in the ventriculomegaly rat using the same TR (M). Tortuosity of the EVs appears (blue arrows) when TR was increased to 60 milliseconds, suggesting slower blood flow in these vessels (N).
posterior fossae (Fig. 2D) . The histogram of ventriculomegaly rating scale implemented to evaluate abnormal patterns showed a bimodal population, that is, a peak between score 0 and 1 and a positive skewed distribution from score 2 to 30 (Fig. 2E) Compared with the control brains (Fig. 3AYC ), the T 2 * maps revealed a paucity of susceptibility vessel sign in the cortex of the ventriculomegaly rats (Fig. 3E) . A remarkable signal loss of healthy vessels, particularly in the venous system, was seen in the MRA of the ventriculomegaly rats (Fig. 3F) . Among the 20 normal rats showing a normal size of ventricles, 16 rats showed normal vasculatures and 4 showed abnormal vasculatures by time-of-flight MRA. None of the 16 ventriculomegaly rats showed normal vasculature patterns on MRA. Vascular malformations were found near the confluence of sinus, including the transverse sinus, superior sagittal sinus, and emissary vein (Fig. 3KYN) .
Digital images of Microfil cerebrovascular casting displayed many imaging irregularities of uncertain significance, similar to aneurysms or AVM niduses near the circle of Willis in ventriculomegaly rats (Fig. 4A) . Postmortem micro-CT images confirmed abnormal connections between veins and arteries in the potential AVM niduses in the ventriculomegaly rats (Fig. 4B) ; Luxol fast blue/periodic acid Schiff staining illustrated the morphology of the abnormal vessels in these areas (Fig. 4B inset) . Smaller vessels with increased vessel density were seen in ventricles and at the BC, indicating another abnormal pattern in the vasculature of the ventriculomegaly brains (Fig. 4CYF) . Compared with the normal animals ( Fig. 4GYI) , there was increased astrogliosis surrounding the ventricles (Fig.  4J ) and parenchymal blood vessels (Fig. 4K) . Hypertrophy of astrocytic processes was also found in the cortex of the ventriculomegaly rats (Fig. 4L) . A T 2 -weighted image and corresponding H&E stain of a ventriculomegaly brain showed cysts in the cerebellum and brainstem (Fig. 5 ). An arachnoid cyst is shown on a T 2 -weighted image (Fig. 5A) , where the H&E stain shows no tissue (Fig. 5B) . Tissues near the cystic areas showed various degrees of necrosis (Fig. 5CYG), glial scarring (Fig.  5HYL) , paucity of microvasculature (Fig. 5MYQ) , and damage and loss of neurons (Fig. 5RYV) .
Abnormal White Matter
Diffusion tensor imaging tractography of the ventriculomegaly brains revealed that the white matter tracts were abnormal and many were scarce; abnormalities involved the corpus callosum and tracts in the thalamus and midbrain (Fig. 6AYD) /ms; p = 0.01) in the corpus callosum of the ventriculomegaly rats. Cystlike white matter lesion and enlarged ventricles greatly altered the white matter integrity and number of tracts (Fig. 6EYM) . Table 2 lists the values of DTI parameters and the results of corresponding significance tests between the normal and ventriculomegaly rats and values from both group of animals combined for statistical analysis. Significantly decreased FA and increased AD, RD, and MD were found in many major white matter tracts in the ventriculomegaly group (Table 2) . White matter tract numbers were decreased in the anterior commissure, corpus callosum, and optic nerve (p G 0.05), whereas the mean tract lengths were increased significantly (p G 0.05) in the cerebral peduncle. The MD, AD, and RD were also increased in striatum and cerebral cortex (p G 0.05). When data from the normal and ventriculomegaly rats were combined for statistical analysis, there were significantly different ADs in the anterior commissure, cerebral peduncle, and optic nerve (p G 0.05) in comparison with the normal group.
Notable loss of SMI31 staining of neurofilaments was seen in the corpus callosum of the ventriculomegaly rats versus the control rats (Fig. 7A, C) . SMI31 staining intensity (Fig. 8A ) between gray and white matter were significantly lower (p G 0.05) in the ventriculomegaly rats. The thickness of the corpus callosum was significantly thinner (p G 0.01) in the ventriculomegaly rats (0.47 T 0.03 mm) in comparison with that of the normal rats (0.61 T 0.04 mm). Astrogliosis was significantly increased in the cortex of the ventriculomegaly brain (Figs. 4L, 8B) . No significant differences were found for myelin (Fig. 7B, D) , astrocyte (Fig. 7E, H) , microglia (Fig. 7F, I ), or microvasculature (Fig. 7G, J) staining in the corpus callosum between the normal rats and ventriculomegaly rats.
DISCUSSION
Consistent animal models of neurologic disorders are essential for basic investigations and the assessment of new diagnostic or therapeutic interventions. Wistar rats are commonly used in TBI studies. According to the PubMed database, in the 5,150 rat TBI research articles since 1990, nearly 22% (i.e., 1,151) of the studies reported their experimental results on Wistar rats. The current study documents the (A) . Connection of the feeding artery and the AVM nidus draining into a dilated vein (arrows), which is a hallmark of AVM. Inset in the upper right corner is a Luxol fast blue/periodic acid Schiff stain illustrating the abnormal vessel morphology. (CYL) Immunohistochemistry for glial fibrillary acidic protein (green), rat endothelial cell antigen (RECA1) (red), and 4',6-diamidino-2-phenylindole (blue) demonstrate the astrocytes, blood vessels, and nuclei, respectively, in normal (C, E, GYI) and ventriculomegaly (D, F, JYL) rats. In the ventriculomegaly rat, there is abnormal vessel branching in the ventricles (D) and basal cistern (F). There is marked astrogliosis in the ventriculomegaly rat brain surrounding the ventricle (J) and blood vessels (K). Hypertrophy of astrocytic processes is also seen in the cortex of the ventriculomegaly rat brain (L). Scale bars = (A) 2 mm; (BYF) 200 Km; (GYL) 100 Km (25 Km in magnified images in GYL).
Reviews of Hydrocephalus in Wistar Rats
Congenital spontaneous hydrocephalic LEW/Jms rats were discovered after repeated inbreeding of Wistar rats with hydrocephalus (4, 27) . Inheritance of hydrocephalus in LEW/ Jms rats is recessive but affects more males than females, with an overall expression rate of 28% (4, 27) . Hydrocephalus in the Wistar WIC-Hyd rat strain is inherited in a dominant fashion, with sex affecting the severity of hydrocephalus (3, 28) . The overall prevalence of hydrocephalus in WIC-Hyd rats is 34.3% in males and 34.9% in females. Ninety-six percent of the hydrocephalic male rats are of the severe type, and 87% of the hydrocephalic female rats are of the moderate type (3). The ventricles, especially the lateral ventricles, are markedly dilated in the severely hydrocephalic brain, with a ruptured septum and a monoventricle. The severe hydrocephalic WIC-Hyd rats are externally abnormal, with a domeshaped head, shortened nose, and slow growth. Moderately hydrocephalic (i.e. ventriculomegaly) WIC-Hyd rats show no clinical signs with respect to external appearance, activity, growth, or behavior.
Patterns of Ventriculomegaly in Wistar Rats
In comparison with the ventricular enlargement associated with induced hydrocephalus models and genetic models wherein the cerebrum can be reduced to a paper-thin thickness, the hydrocephalus pattern observed in the current study is much less severe, that is, characterized by mildly dilated ventricles, scattered intracranial arachnoid cysts (in both gray and white matter), and more rarely observed necrotic paraflocculi and cerebellum. Rats with these mild hydrocephalus patterns showed no evidence of abnormalities in skull size in young adulthood. The ventriculomegaly Wistar rats were externally asymptomatic and, by imaging, displayed a communicating type of hydrocephalus, that is, mild ventriculomegaly with no evidence of aqueduct stenosis, and various types of cysts or T 2 -weighted hyperintense lesions ( Table 1 ). The pattern was characteristic of a spontaneous origin, that is, unlikely to have been caused by postnatal obstructive, infectious, inflammatory, traumatic, or hemorrhagic events (Figs. 4, 5, 7) . The DTI tractography clearly showed adaptation of white matter tracts to structural changes associated with ventriculomegaly or cystic lesions (Fig. 6) . The measurement of corpus callosum thickness substantiates the DTI tractography results, that is, the ventriculomegaly rats had thinner corpus callosum versus the normal rats (Fig. 7) .
Abnormal SMI31 staining intensity of neurofilament was also seen in the corpus callosum of ventriculomegaly rats, while SMI31 staining in gray matter was normal (Fig. 7A, C) .
The mechanism underlying the loss of SMI31 in the corpus callosum is unclear. Ventriculomegaly may be responsible for causing injury to periventricular axons, microvessels, and delayed demyelination (29) . Extensive astrogliosis was observed not only near ventricles and large vessels of the ventriculomegaly rats but also in the cerebral cortex. This was likely associated with prolonged neuroinflammation, impaired cerebral perfusion, altered blood-brain barrier function, inhibited repair of damaged neural tissue, impeded neuronal plasticity, and altered intracranial compliance (30Y36).
We postulate that the ventriculomegaly rats might have developmental aberrations in the blood-brain barrier system caused by defective tight junctions and increased cranial pressure. Necrotic tissue, marked cell loss, axonal loss, glial scarring, and paucity of microvessels were adjacent to the arachnoid cysts (Fig. 5) , which may have resulted from ischemic events or hypoxia when the defective vasculature could not provide sufficient blood supply. The local vasculature malformation might have caused ischemic cell death, and some of the intracranial CSF cysts were likely the consequence of such ischemic events and tissue clearance.
Imaging of CNS Abnormalities
Ventriculomegaly coexisting with intracranial cysts or hyperintense lesions on T 2 -weighted images occurs in humans (37Y39). The cystic cavity may be formed by congenital duplication or splitting of the arachnoid membrane or glia cells. Arachnoid cysts may be a compartmentalized form of a reabsorptive ventriculomegaly, probably harboring a latent aberration of CSF circulation (40) .
The DTI results showed a decrease in FA and an increase in AD and RD in many white matter tracts, suggesting that white matter integrity is different between the normal and ventriculomegaly rats (Table 2) . Except for the tract lengths, all of the DTI indices measured in the corpus callosum were significantly different between the normal and ventriculomegaly rats (p G 0.05). These results suggest that increased water content in the ventriculomegaly rats alters white matter structure and potentially DTI measurements. This observation has direct relevance to a current hypothesis for interpretation of DTI results: increases of FA and AD indicate an increase in axonal integrity, whereas an increase in RD reflects demyelination (21, 41Y44) . The increased water content in the ventriculomegaly Wistar rats results in decreases in FA and increases in both AD and RD, with changes in neurofilament quality (as assessed by SMI31 immunostaining) but no associated changes in myelin (45, 46) . The excessive astrogliosis may also contribute to the increase of AD and FA in the cortex of ventriculomegaly rats (19) . If ventriculomegaly rats are included in DTI experiments, The normal rats show abundant healthy white matter tracts in the same locations (KYM). These results indicate that the increased water content in the ventriculomegaly rat alters the DTI measurements and the white matter structure. as shown in Table 2 , the results could deliver the false interpretation of a pseudo-increase of axon integrity and a pseudodecrease of myelin integrity purely based on characteristics intrinsic to these rats (18) . These discrepancies also indicate the importance of histopathology in assessing the relationship between in vivo DTI biomarkers and underlying mechanisms. The whole-brain MRA revealed a contrast loss of healthy vasculature in all of the ventriculomegaly rats and a small portion (4 out of 20) of nonventriculomegaly rats, particularly in the venous system (Fig. 3F, KYN) . The micro-CT results revealed abnormalities in the cerebral vascular system of the examined subset of these ventriculomegaly rats, suggesting either AVMs and/or aneurysms (Fig. 4B) . RECA1 staining disclosed the excessive branching of vessels, although whether the changes in the vasculature contribute to the observed ventriculomegaly, are a compensatory mechanism in response to it, or are merely correlated but not directly associated is not currently known (Fig. 4CYF) . The lack of susceptibility vessel signal on T 2 *-weighted images indicates either reduced amounts of blood or slowed cerebral blood flow, possibly resulting in increased CSF volume or interstitial pressure (47Y51). If increased pressure at the arachnoid granulations obstructs the passive CSF flow into the sinuses, CSF might accumulate in the closed compartments. The presence of AVMs and aberrant vasculature near the confluence of sinuses might also affect the reabsorption of CSF into the systemic circulation, contributing to the formation of ventriculomegaly.
Limitations of This Study
The abnormalities observed in this study arose as incidental findings in our investigations of TBI primarily in female rats that were used for their smaller sizes to fit in our imaging setup. We examined a small sample of male rats from the same vendors to determine whether comparable abnormalities were observed in a similar percentage of male rats. The similar percentages we observed in our larger cohort of female rats and in the smaller cohort of male rats indicate that the abnormalities reported herein occur irrespective of biologic sex. Whether there are more subtle sex-specific effects is beyond the scope of this report. Meanwhile, noninvasive MRI was the main tool for screening the appearance and factors of ventriculomegaly. With limited resource and time, only a small subset of rats were able to performe Micro-CT and IHC analyses to verify the MRI findings. Increasing sample size and further analyses would be required for detailed pathologic and genetic analyses of the ventriculomegaly Wistar rats. It is noted that the high prevalence of ventriculomegaly was observed mainly because of our strict criteria of screening ventriculomegaly-associated anomalies by high-resolution MRI. The results may not be comparable to reports in the literature using lower screening resolution histologic examination.
Although there is debate about whether rodent models accurately reflect human disease, rats are by far still among the most commonly used species to model neurologic diseases (52) . When much attention has been given to the generation of disease models, the baseline characteristics of the animals used have typically been assumed to be normal in the absence of external behavioral or physical signs. The inadvertent inclusion of ventriculomegaly Wistar rats in neurologic studies may contribute variability to experiments that lead to unforeseen bias in studies of low sample sizes (53) . Beyond the implications that these ventriculomegaly rats may have for interpretation of experimental results, this newly documented form of ventriculomegaly may be of importance as an animal model to study hydrocephalus/ventriculomegaly in association with cyst formation and/or vascular malformations.
Summary
We report the presence of spontaneous mild ventriculomegaly in Wistar rats in approximately 43% of animals. Multiple abnormalities, including AVM, aneurysms, ventriculomegaly, intracranial cysts, white matter injury, tissue necrosis, and excessive astrogliosis, were associated with ventriculomegaly. The DTI parameters correlated with various abnormalities secondary to increased water content but did not reliably reflect the white matter integrity in ventriculomegaly animals. These anomalies associated with ventriculomegaly in the Wistar rats introduce variability in models when these animals are included in experiments. Baseline scans are strongly suggested to prevent the accidental use of these ventriculomegaly animals, or increased sample sizes and random allocation of animals to treatment groups, in the study of neurologic disease, particularly when testing therapeutic interventions. GFAP counts were significantly greater in the cortex (see Fig. 4I , L) but not in the corpus callosum in ventriculomegaly versus normal rats. (C, D) There were no significant differences in Iba1 (C) or RECA1 (D) staining in both cortex and corpus callosum between normal and ventriculomegaly rats. * p G 0.05, ** p G 0.01.
